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Recently developed linker-mediated vitrimers
based on metathesis of dioxaborolanes with vari-
ous commercially available polymers have shown
both good processability and outstanding perfor-
mance, such as mechanical, thermal, and chem-
ical resistance, suggesting new ways of process-
ing crosslinked polymers in industry, of which
the design principle remains unknown [1]. Here
we formulate a theoretical framework to eluci-
date the phase behaviour of the linker-mediated
vitrimers, in which entropy plays a governing
role. We find that with increasing the linker
concentration, vitrimers undergo a reentrant gel-
sol transition, which explains a recent experi-
ment [2]. More intriguingly, at the low temper-
ature limit, the linker concentration still deter-
mines the crosslinking degree of the vitrimers,
which originates from the competition between
the conformational entropy of polymers and the
translational entropy of linkers. Our theoretical
predictions agree quantitatively with computer
simulations, and offer guidelines in understand-
ing and controlling the properties of this newly
developed vitrimer system.
Vitrimers are a new class of polymer materials with
exceptional mechanical properties, combining the mal-
leability and recyclability of thermoplastics with the high
mechanical performance of thermosets [3, 4]. Their
unique properties originate from the reversible bond-
exchange reaction allowing the covalently bonded poly-
mer networks to change dynamically, which makes vit-
rimers behave like viscoelastic liquids at high temper-
atures and as crosslinked thermosets at low tempera-
tures [5–14]. In the past decade, various chemical re-
actions, such as the transesterification reaction [4, 15],
transamination reaction [16, 17], alkoxyamine exchange
reaction [18, 19], olefin metathesis [20], thiol-disulfide ex-
change [21], have been used in the production of vitrimers
for different applications. However, the reactants or cat-
alysts involved in reactions of the conventional vitrimers
are usually not thermally or oxidatively stable, which is
particularly detrimental for using the same equipments
and conditions of processing thermoplastics [22].
Recently, a new type of linker-mediated vitrimers
was developed based on the metathesis reaction of
dioxaborolanes, in which the functionalized polymers
with pendant dioxaborolane units react with bis-
dioxaborolanes (crosslinkers), and the metathesis reac-
tion here both crosslinks the polymers and dynamically
changes the polymer network [1]. The linker-mediated
vitrimers have superior chemical resistance, dimensional
stability, without the need of a catalyst, and can be pro-
cessed like thermoplastics [23]. In this work, we propose
a mean field theory combined with coarse grained com-
puter simulations to study the linker-mediated vitrimer
system, and our results show that the entropy of free
linkers plays a nontrivial role. We find that with increas-
ing the concentration of free linkers, the vitrimer system
undergoes a reentrant gel-sol transition, which was ob-
served in a recent experiment [2]. More interestingly,
even at the low temperature limit, the crosslinking de-
gree of vitrimers still depends on the concentration of
free linkers, which essentially offers an extra degree of
freedom in controlling the mechanical property of the re-
sulting materials.
We consider a system of volume V consisting of Npoly
polymer chains, in which each polymer comprises of n
hard spheres of diamater σ connected through infinitely
deep square-well bonds [24]. As shown in Fig. 1a, on each
polymer there are m1 precursors (reactive sites) P uni-
formly distributed, which can react with a crosslinker
molecule C by forming a dangling PC bond and pro-
ducing a byproduct free molecule B through metathe-
sis reactions. Moreover, a dangling PC bond can fur-
ther react with another intact precursor P to form a
crosslinking P2C bond and producing an additional free
B molecule, and each crosslinker can form at most two
bonds with two different precursors creating a crosslink-
ing P2C bond. The metathesis reactions are reversible,
and ∆G is the reaction energy. NC and NB are the
numbers of crosslinker molecule C and the byproduct
molecule B in the system, which are controlled by the
chemical potentials µC and µB, respectively. We de-
fine nPC and nP2C as the average numbers of PC bonds
with dangling crosslinkers and crosslinking P2C bonds
per polymer, respectively. Similarly, nP is the average
number of precursors per polymer that remain intact,
and Ni=Npolyni is the total number of precursors or
bonds of type i=P,PC,P2C in the system. The packing
fraction of polymers is φp=
pi
6Npolynσ
3, and B and C are
both modelled as hard spheres of diameter σ.
In the dilute limit (Fig. 1c), polymer chains are iso-
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FIG. 1: Vitrimer model. (a): Illustration of the two step
metathesis reactions in the vitrimer system. (b): K2/K1 as a
function of φp for different m and µC at n=100 and βµB=−3.
(c,d): Illustration of the heterogeneous dilute (c) and
homogeneous dense (d) systems of the vitrimers.
lated. The distribution of reactive sites in the system
is heterogeneous and the reactive sites can be seen as
ideal gases confined in individual polymer blobs of vol-
ume Vp=R
3
g with Rg the radius of gyration of the poly-
mer. Treating the polymer backbones implicitly as the
crowding background, the free energy of the system can
be written as
βF =
∑
i=poly,B,C
Ni
[
ln
(
NiΛ
3
V
)
−1
]
+
∑
i=P,PC,P2C
Ni
[
ln
(
niΛ
3
Vp
)
−1
]
+βF exHS
−NP2Ck−1B ∆S−β (NPC +NP2C +NC)µC
+β(NPC +2NP2C)(∆G+µB)−βNBµB, (1)
where the first summation is on the ideal gas terms
of polymer chains, free crosslinkers and byproduct
molecules, and the second summation is on the ideal gas
terms of different reactive sites in polymer blobs. Here
β=1/kBT with kB and T the Boltzmann constant and
the temperature of the system, respectively, and Λ is the
de Broglie wavelength. This ideal gas approximation of
reactive sites offers a simple estimation of the conforma-
tional entropy change during the formation of crosslink-
ing P2C bonds, for which we introduce ∆S as the entropy
correction per crosslinking bond. F exHS is the excess free
energy based on Carnahan-Starling hard-sphere equation
of state [25] arising from the excluded volume interaction,
which accounts for the crowding effect in the system. The
last three terms arise from the metathesis reactions and
the exchange of molecules with reservoir. As the system
approaching the dense regime (Fig. 1d), polymer blobs
begin to overlap and the distribution of reactive site be-
come homogeneous. Thus, Vp can be replaced by the
available volume per polymer, i.e., Vp=V/Npoly.
We define the crosslinking degree of system as fP2C =
2NP2C/(Npolym), i.e., the fraction of reactive sites that
are crosslinked, and fi=Ni/(Npolym), (i=PC,B,C).
Using the saddle-point approximation, ∂F/∂fi=0, (i=
PC,P2C,B,C), one can obtain the equilibrium fPC and
fP2C as
fP2C =
[
−(1+a)+√(1+a)2 +4c]2
4c
, (2)
fPC =
−(1+a)+√(1+a)2 +4c
2c
, (3)
with
a=eβ(∆G+µB−µC), (4)
c=
2mΛ3
Vp
e−βµC+k
−1
B ∆S+βµHS , (5)
where µexHS is the excess chemical potential originating
from F exHS. As µ
ex
HS is a function of the packing fraction
of the system, which also depends on fi, for simplicity,
to calculate fPC and fP2C, one can use the average pack-
ing fraction measured in simulations without resorting to
self-consistent iterations. Here we note that the effect of
µB is the same as ∆G.
As shown in Fig. 1a, the formation a crosslinking P2C
bond requires two metathesis reactions, with K1 and K2
the corresponding reaction constants, which satisfy
K1ρPρC =ρPCρB, (6)
K2ρPρPC =ρP2CρB, (7)
where ρi=Ni/V is the density of specie i in the sys-
tem. In Ref. [1, 2], the mentathesis reactions in the first
and second steps are of the same type, and one might
think that the two reaction constants K2 and K1 should
be equal. However, a recent experiment indicates that
K2/K1 calculated from Eqs. 6 and 7 can be significantly
larger than 1 [2]. To understand this, we first use the fact
that in chemical equilibrium, the chemical potentials for
all species satisfy
µP +µC =µPC +µB, (8)
µP +µPC =µP2C +µB, (9)
where µi (i=P, PC, P2C) can be obtained by taking a
direct derivative of Eq. 1 with respect to Ni. Combining
Eqs. 6 and 7 with Eqs. 8 and 9 we have
K2
K1
=
V
NpolyVp
ek
−1
B ∆S=

nv0
φpR3g
ek
−1
B ∆S (R3gV/Npoly)
ek
−1
B ∆S (R3gV/Npoly)
(10)
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FIG. 2: Reentrant gel-sol transition. (a-i): fPC, fP2C, xp as a function of µC for different m and φp. The solid lines in (a-f) are the
theoretical predictions of Eqs. 2 and 3. (j-l): Simulation snapshots for systems with m=10 and φp=0.1 at βµC=−8.0 (j), −5.0 (k) and
−2.0 (l). Different colors represent different type of bonds based on Fig. 1a, i.e., PC, P2C, P and polymer backbone bonds are in blue,
red, green and grey, respectively, and free B and C molecules are not drawn. In all simulations, βµB=−3.0, β∆G=−2.0, and n=100.
where v0 =
pi
6σ
3 is the volume of a single bead on the poly-
mer chain. This predicts a powerlaw scaling K2/K1∼
φ−1p in the heterogeneous dilute regime, which saturates
to ek
−1
B ∆S in the homogeneous dense regime. In Fig. 1b,
we plot K2/K1 measured in simulations as a function of
φp for different m and µC with n=100, which confirms
our theoretical predictions of Eq. 10 for different regimes.
Therefore, the observation of K2/K1>1 in experiments
could result from the inhomogeneous distribution of re-
active sites in the system [2, 26, 27]. Moreover, at the
heterogeneous dilute regime, Rg decreases with increas-
ing m due to more crosslinking within each polymer blob,
which also raises K2/K1 as shown in Fig. 1b.
With the introduction of K2/K1, Eq. 5 can be re-
written as
c=
(
K2
K1
)
2NpolymΛ
3
V
eβ(µHS−µC), (11)
which does not explicitly depend on Vp or ∆S. As K2/K1
is measurable both in experiments and simulations, one
can predict fP2C, fPC based on Eqs. 2 and 3 and the
measured K2/K1 without invoking exact values of Vp
and ∆S. In Fig. 2a-f, we plot fP2C and fPC as func-
tions of µC obtained from the simulations for systems of
various m and φp with n=100 and βµB =−3, which well
agree with the theoretical prediction (Eqs. 2 and 3) in a
wide range of φp and m. This suggests that our theo-
retical framework is robust and capable of quantitatively
predicting the phase behaviour of the vitrimers in both
heterogeneous dilute and homogeneous dense regimes.
Moreover, Eq. 2 has the limiting behaviour:
fP2C(µC→−∞)'
c
a2
→0, (12)
fP2C(µC→+∞)'c→0. (13)
One can also prove that fP2C reaches the maximum
at µC =µB +∆G (see Supplementary Materials), and
this implies that the crosslinking degree first increases
and then decreases with increasing the concentration of
crosslinkers, which quantitatively agrees with simulations
as shown in Fig. 2d-f. This non-monotonic dependence
of fP2C on the concentration of crosslinkers was also ob-
served in a recent experiment [2]. The counter-intuitive
decrease of fP2C with increasing µC at high crosslinker
concentration is a purely entropic effect. At high µC
limit, the reactive sites are fully bonded with crosslink-
ers forming either PC or P2C bonds. Changing one P2C
bond to two dangling PC bonds hardly changes the en-
ergy of the system but increases the conformational en-
tropy of polymer chains. Therefore, forming dangling
PC bonds is more entropically favoured than forming
crosslinking P2C bonds, which drives the crosslinking de-
gree towards zero at high µC. This non-monotonic de-
pendence of fP2C on µC provides an additional axis in
controlling the mechanical properties of vitrimers. As
the percolation of the connected polymer cluster is an
important indicator of the sol-gel transition of the sys-
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FIG. 3: Entropy-driven crosslinking at low temperature
limit. (a-b): fP2C and xp as a function of reaction energy ∆G
for different µC at m=5, where the solid lines in (a) are the
theoretical predictions of Eq. 2. (c-d): Saturated f∞P2C and x
∞
p as
a function of µC for different m at β∆G=−8.0, where the solid
lines in (c) are the theoretical predictions of Eq. 14. In all
simulations, βµB=−3.0, n=100, and φp=0.1.
tem, we plot the fraction of polymers in the largest cluster
xp as a function of µC for various m and φp in Fig 2g-i.
Generally, gelation occurs at xp'0.5 [28], and as shown
in Fig 2g-i, xp changes non-monotonically with increas-
ing µC, for which the typical snapshots of the system
are shown in Fig. 2j-l. This implies a reentrant gel-sol
transition in this linker-mediated vitrimer system.
Another interesting theoretical prediction is that in the
limit of β∆G→−∞, one has fP2C +fPC'1 and
fP2C'1−
√
1+4c−1
2c
<1, (14)
which implies that at the low temperature limit (β∆G→
−∞) or the dilute limit of byproduct molecules (βµB→
−∞), the system is not fully crosslinked. Since c depends
on µC, m and Vp (Eq. 5), this suggests that even at the
low temperature limit, the crosslinking degree of the sys-
tem can still be tuned by the concentration of free linkers
or the precursor density on polymer chains. As shown in
Fig. 3ab, we plot fP2C and xp as functions of β∆G mea-
sured in simulations of systems with various µC at m=5,
n=100 and βµB =−3, which agree quantitatively with
the theoretical prediction. One can see that both fP2C
and xp increase and reach a plateau at low β∆G. We plot
the crosslinking degree at the low temperature limit f∞P2C
as a function of βµC in Fig. 3c, and f
∞
P2C
decreases with
increasing βµC or decreasing m, which quantitatively
agrees with Eq. 14. The physical explanation is that
at β∆G→−∞, all reactive sites form either dangling PC
bonds or crosslinking P2C bonds. Breaking a crosslinking
P2C bond into two dangling PC bonds does not change
the energy of the system but increases the conforma-
tional entropy of the polymers by ∆Sconf , which simul-
taneously absorbs one free crosslinker from the solution,
and the translational entropy of the free crosslinker drops
by ∆Strans'−kB lnρCΛ3'−µC/T . With increasing µC,
∆Strans decreases, which breaks more P2C into dangling
PC bonds. Similarly, at the fixed polymer length n and
φp, increasing m decreases ∆Sconf , which drives the for-
mation of more crosslinking P2C bonds. Similar entropic
effects in linker-mediated self-assembly were recently also
observed in linker-mediated DNA-coated colloids [29]. In
Fig. 3d, we plot the resulting saturated value of percola-
tion parameter x∞p at β∆G→−∞ as a function of µC for
various m. One can see that x∞p also increases with de-
creasing µC, but changes more sharply than f
∞
P2C
. This
suggests a practical way to control the mechanical prop-
erty of the vitrimer at low temperature limit by tuning
the crosslinker concentration.
In conclusion, we have proposed a theoretical frame-
work to describe the newly developed linker-mediated
vitrimer system, in which entropy plays a determining
role. First, we find that the density heterogeneity of re-
active sites can result in the mismatch of reaction con-
stants of the same metathesis reaction in the first and
second crosslinking steps, which offers a possible mecha-
nism to explain the recent experiment [2]. This mecha-
nism of heterogeneity-enhanced reactions rates also has
implications in biochemical reactions in molecular crowd-
ing conditions, which has been utilized by cells in form of
membraneless compartment to enhance RNA transcrip-
tion and protein translations [30]. A similar effect of self-
concentration was also reported in polymer glasses [31].
Second, we find that increasing the crosslinker concentra-
tion can induce a reentrant gel-sol transition of the vit-
rimer. This offers a new way to control over the reshaping
or recycling of vitrimers without heating up and cooling
down the system. Lastly, in the low temperature limit,
we find that the crosslinking degree of the system can still
be effectively tuned by the concentration of crosslinkers,
which suggests that in experiments, one should be care-
ful with the crosslinker concentration, and lowering the
temperature does not always produce highly crosslinked
polymer gels. Therefore, our theory not only reveals in-
triguing physics in this linker-mediated vitrimer system,
but also provides important guidelines in controlling the
mechanical properties of the novel functional materials.
METHOD
We employ hard-sphere potential to model the ex-
cluded volume interaction between all particles, including
5polymer beads, precursors, B and C molecules,
V (r,r′)=
{
0 |r−r′|>σ
∞ else , (15)
with the diameter σ of hard spheres. A infinitely deep
square-well tethered bond potential below is used to
mimic the connectivity among covalently bonded poly-
mer beads and crosslinkers,
Vbonds(r,r
′)=
{
0 |r−r′|<rcut
∞ else , (16)
where rcut is the cutoff distance of the tethered bond,
and we use rcut =1.5σ throughout all simulations. Pe-
riodic boundary conditions are applied in all three di-
rections, and grand canonical (µBµCNpolyV T ) Monte
Carlo simulations are performed with an event-chain al-
gorithm [32, 33] for the translational moves of particles in
the system. We devise a bond swap algorithm (see Sup-
plementary Materials) to simulate reversible bond swap
metathesis reactions in the vitrimer system.
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